Background: Pygo2 is a chromatin effector of the Wnt signaling pathway that regulates cell growth and differentiation. Results: Pygo2 is degraded through the ubiquitin/proteasome pathway and is stabilized by Akt phosphorylation at its serine 48. Conclusion: Stabilizing phosphorylation by Akt regulates Pygo2 protein expression. Significance: Pygo2 is a common nodule downstream of Wnt and Akt pathways. . 4 The abbreviations and trivial names used are: Pygo2, Pygopus 2; CHX, cycloheximide; DDB1, DNA damage-binding protein 1; MEC, mammary epithelial cell; MG132, carbobenzoxyl-Leu-Leu-leucinal; MMTV, murine mammary tumor virus; NHD, N-terminal homology domain; NLS, nuclear localization sequence; PHD, plant homology domain; TAM, tamoxifen; TCN, triciribine hydrate; VPRBP, Vpr (HIV-1)-binding protein.
Pygopus 2 (Pygo2/PYGO2) is an evolutionarily conserved coactivator and chromatin effector in the Wnt/␤-catenin signaling pathway that regulates cell growth and differentiation in various normal and malignant tissues. Although PYGO2 is
highly overexpressed in a number of human cancers, the molecular mechanism underlying its deregulation is largely unknown. Here we report that Pygo2 protein is degraded through the ubiquitin/proteasome pathway and is posttranslationally stabilized through phosphorylation by activated phosphatidylinositol 3-kinase/Akt signaling. Specifically, Pygo2 is stabilized upon inhibition of the proteasome, and its intracellular level is regulated by Cullin 4 (Cul4) and DNA damage-binding protein 1 (DDB1), components of the Cul4-DDB1 E3 ubiquitin ligase complex. Furthermore, Pygo2 is phosphorylated at multiple residues, and Akt-mediated phosphorylation at serine 48 leads to its decreased ubiquitylation and increased stability. Finally, we provide evidence that Akt and its upstream growth factors act in parallel with Wnt to stabilize Pygo2. Taken together, our findings highlight chromatin regulator Pygo2 as a common node downstream of oncogenic Wnt and Akt signaling pathways and underscore posttranslational modification, particularly phosphorylation and ubiquitylation, as a significant mode of regulation of Pygo2 protein expression.
Wnt signaling is fundamentally important for both normal and malignant development (1) . In the canonical pathway, binding of Wnt ligands to membrane receptor/co-receptor triggers intracellular events culminating in the inactivation of an axin-APC-GSK3 destruction complex, which normally directs ␤-catenin for phosphorylation and degradation (1, 2) . ␤-Catenin is thus stabilized, translocates to the nucleus, binds to TCF/LEF transcription factors, and recruits chromatinmodifying/remodeling complexes to transcribe Wnt target genes (3) . Among the myriad ␤-catenin/TCF-interacting nuclear factors are Pygopus proteins, the prototype of which was identified in Drosophila as a dedicated Wg/Wnt pathway coactivator (4 -7) . Subsequent studies have revealed that these proteins act as histone methylation readers by directly binding to lysine 4-methylated histone H3 (8 -10) and participate in "writing" of the histone code by recruiting histone-modifying enzymes to the target chromatin (9, (11) (12) (13) (14) . Two mammalian Pygopus homologs exist, with the function of Pygopus 2 (Pygo2) 4 being required for the development of multiple tissues in both Wnt-dependent and -independent manners (15) (16) (17) (18) . Furthermore, Pygo2 connects Wnt and Notch signaling to regulate the lineage differentiation of basal stem cells in the mammary gland (9, 19) . Pygo2 is needed for efficient tumor initiation, and in its absence, MMTV-Wnt1 transgenic mice produce mammary tumors with a microacinar-like histopathology rather than the typical histopathology that resembles the aggressive, difficult to treat basal-like breast cancer subtype (20) . Additionally, Pygo2 facilitates ␤-catenin-induced hair follicle stem cell activation and is required for skin overgrowth in K14-⌬N-␤-catenin transgenic mice (21) . Overexpression of PYGO2 has been reported for human breast, lung, colon, brain, cervical, and ovarian cancer cells (22) (23) (24) (25) (26) (27) (28) , and PYGO2 resides in a chromosomal region that is frequently amplified in breast cancer (29, 30) . These findings implicate the importance of controlling Pygo2/PYGO2 levels for proper Wnt signaling function in development, regeneration, and tumorigenesis.
Numerous studies suggest that Wnt signaling cross-talks with the phosphatidylinositol 3 kinase (PI3K)/Akt pathway, a major signaling pathway that is triggered by myriad growth factors, such as insulin and epidermal growth factor (EGF), and that modulates cellular growth, proliferation, metabolism, and survival (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . Dysregulation of the PI3K/Akt pathway occurs in many human cancers (45) as well as in metabolic diseases, such as type 2 diabetes (46) . PI3K/Akt pathway activation is initiated at the plasma membrane, where phosphatidylinositol trisphosphate, generated by PI3K and degraded by phosphatase PTEN, recruits Akt to the membrane (47) . Akt is activated through phosphorylation at threonine 308 and serine 473 by PDK1 and mTORC2, respectively (48 -51) , and proceeds to phosphorylate a wide variety of target proteins, including itself, to regulate diverse cellular processes (52, 53) . Exemplifying the Wnt-Akt cross-talk, Akt phosphorylates GSK3␤ at serine 9 and inhibits its activity, leading to increased stabilization and nuclear translocation of ␤-catenin (44) . Akt also directly phosphorylates ␤-catenin at serine 552, thereby increasing its cytoplasmic and nuclear accumulation (34) .
In this work, we report findings showing that Akt phosphorylates Pygo2 at serine 48 to reduce its ubiquitylation and proteasome-dependent degradation. We identify Cul4-DDB1 E3 ligases as the candidate enzymatic complexes that are responsible for the ubiquitylation of Pygo2. Moreover, we provide evidence that the Akt regulation of Pygo2 occurs in the context of growth factor/PI3K signaling and show that the Pygo2-stabilizing effects of Wnt and Akt activation are additive. Taken together, our data uncover a new layer of mechanistic link between two key oncogenic signaling pathways, namely a convergence between Wnt signaling and the Akt pathway on chromatin regulator Pygo2.
Experimental Procedures
Cell Culture-HEK293 human kidney epithelial cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, 12100-046), supplemented with 10% fetal bovine serum (FBS) (Omega Scientific (Tarzana, CA), FB-02). HC11 mouse mammary epithelial cells were cultured in RPMI 1640 medium (Invitrogen, 31800-022) supplemented with 10% FBS. MCF10A-Er-Src cells were grown in DMEM/F-12 medium (Invitrogen, 11039), supplemented with 5% charcoal stripped horse serum (Invitrogen, 16050-122) , 20 ng/ml EGF (Sigma, E5036), 10 g/ml insulin (Sigma, I-1882), 0.5 g/ml hydrocortisone (Sigma, H-0888), and 100 ng/ml cholera toxin (Sigma, C-8052). Src induction and cellular transformation were achieved by treatment of cells with 1 M 4-OH-tamoxifen (TAM) (Sigma, H7904), typically for 36 h, as described (54) . All cell lines were grown at 37°C with 5% carbon dioxide. The Cul4A and Cul4B mutant mouse embryonic fibroblast cell lines were derived from the respective germ line knock-out mouse embryos and cultured in DMEM supplemented with 10% FBS (55, 56) .
Antibodies, Recombinant Proteins, and Chemicals-Anti-Pygo2 rabbit polyclonal antibody was as described previously (9) . Mouse monoclonal Pygo2 antibody was from Santa Cruz Biotechnology (Sc-390506). Mouse monoclonal anti-FLAG antibody (F1804) and anti-FLAG M2 affinity gel (A2220) were from Sigma. Antibodies against total Akt (catalog no. 4691), phospho-Akt (Ser-473) (catalog no. 4060), or phosphorylated Akt substrate (catalog no. 9614) were from Cell Signaling Technology (Boston, MA). Anti-DDB1 (GTX100130), anti-GFP (GTX113617), and anti-Myc (GTX10827) antibodies were from GeneTex (Irvine, CA). Glutathione S-transferase (GST)tagged, truncated Pygo2 protein containing N-terminal amino acids 6 -115 (GST-Pygo2(6 -115)) was expressed in BL21 (DE3)/pLysS strain and purified as described previously (9) . GSK-3 fusion protein (catalog no. 9237) was from Cell Signaling Technology. -Protein phosphatase (P0753) was from New England Biolabs (Ipswich, MA). Insulin, EGF, cycloheximide (CHX), triciribine hydrate (TCN), and MG132 were from Sigma. Wnt3A-conditioned medium and control medium were generated from L1 cells following the ATCC (CRL-2647 TM ) instructions.
Plasmids and Primers-The HA-ubiquitin plasmid was purchased from Addgene (Cambridge, MA) (catalog no. 18712). pcDNA3.1-FLAG-Pygo2, pcDNA3.1-FLAG-Pygo2(6 -115), and pGEX4.1-GST-Pygo2(6 -115) constructs were generated as reported previously (9) . GFP-DDB1 and Myc-Cul4A were from Dr. Zhen-Qiang Pan (Mount Sinai School of Medicine, New York). pUSE-Akt1(K179M) was from Millipore (Billerica, MA) (catalog no. . Constructs expressing FLAG-tagged Pygo2 mutant proteins were generated with site-directed PCR mutagenesis using DNA3.1-FLAG-Pygo2 as a template (except that the Pygo2 S40E construct was used as a PCR template for generating the Pygo2 triple E mutation) and the following primers: Pygo2 S40A, 5Ј-GCCGGTCTGCAAATGAAGGCGCCT-GAAAAGAAGCGAAGA-3Ј and 5Ј-TCTTCGCTTCTTTTC-AGGCGCCTTCATTTGCAGACCGGC-3Ј; Pygo2 S40E, 5Ј-GGTCTGCAAATGAAGGAGCCTGAAAAGAAGCGA-3Ј and 5Ј-TCGCTTCTTTTCAGGCTCCTTCATTTGCAG-ACC-3Ј; Pygo2 T50A, 5Ј-CGAAGAAAGTCCAATGCTCAG-GGTCCTGCATAT-3Ј and 5Ј-ATATGCAGGACCCTGAGC-ATTGGACTTTCTTCG-3Ј; Pygo2 S59E, 5Ј-GCATATTCAC-ATCTGGAGGAGTTCGCCCCACCC-3Ј and 5Ј-GGGTGG-GGCGAACTCCTCCAGATGTGAATATGC-3Ј; Pygo2 S97A, 5Ј-CCTCCGTTCCTCGGCGCCCCGGTGCCCTTTGGA-3Ј and 5Ј-TCCAAAGGGCACCGGGGCGCCGAGGAACGG-AGG-3Ј; Pygo2 T120A, 5Ј-CCCCCAGGCTACGGCGCCGG-AGGAGGAGGGGGT-3Ј and 5Ј-ACCCCCTCCTCCTCCG-GCGCCGTAGCCTGGGGG-3Ј; Pygo2 T301A, 5Ј-GGT-CGAGGTGGGGGCGCCCCAGATGCCAACAGT-3Ј and 5Ј-ACTGTTGGCATCTGGGGCGCCCCCACCTCGACC-3Ј; Pygo2 S48A/T50A, 5Ј-GAAGAGCCCTGAAAAGAAGCGA-AGAAAGGCCAATGCGCAGGGTCCTGCATATTCACAT-CTG-3Ј and 5Ј-CAGATGTGAATATGCAGGACCCTGCGC-ATTGGCCTTTCTTCGCTTCTTTTCAGGGCTCTTC-3Ј; Pygo2 S48E/T50E, 5Ј-GAAGAGCCCTGAAAAGAAGCG-AAGAAAGGAGAATGAGCAGGGTCCTGCATATTCACA-TCTG-3Ј and 5Ј-CAGATGTGAATATGCAGGACCCTGCT-CATTCTCCTTTCTTCGCTTCTTTTCAGGGCTCTTC-3Ј; Pygo2 S48A, 5Ј-GAGCCCTGAAAAGAAGCGAAGAAAGG-CCAATACTCAGGGTCCTGCATATTCAC-3Ј and 5Ј-GTG-AATATGCAGGACCCTGAGTATTGGCCTTTCTTCGCT-TCTTTTCAGGGCTC-3Ј; Pygo2 S48E, 5Ј-GAGCCCTGAAA-AGAAGCGAAGAAAGGAGAATACTCAGGGTCCTGCA-TATTCAC-3Ј and 5Ј-GTGAATATGCAGGACCCTGAGT-ATTCTCCTTTCTTCGCTTCTTTTCAGGGCTC-3Ј.
Generation of a Stable HC11 Cell Line That Expresses FLAG-Pygo2 and Purification of FLAG-Pygo2-A lentiviral vector expressing FLAG-Pygo2 was co-transfected with packaging vectors pHR and pVSVG into 293T cells using Lipofectamine 2000 (Invitrogen, 11668019). Recombinant lentiviruses were harvested from the medium 48 h after transfection. HC11 cells at 50 -70% confluence were infected with viral supernatants containing 10 g/ml Polybrene for 24 h, after which fresh medium was added to the infected cells, which were subsequently selected with puromycin to establish the stable cell line expressing FLAG-Pygo2 protein.
FLAG-Pygo2 was affinity-purified from FLAG-Pygo2-expressing HC11 cells. Briefly, cells were grown to ϳ90% confluence and lysed by radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) with an anti-phosphatase mixture (50 mM NaF, 100 M Na 3 VO 4 , 30 mM NaPP i ) and a mixture of protease inhibitors (1 mM PMSF, 1 g/ml aprotenin, 1 g/ml leupeptin, 1 g/ml pepstatin). The cleared lysate was incubated with anti-FLAG M2-agarose beads (Sigma, A2220) for 1 h at 4°C. The beads were washed four times in cold lysis buffer and eluted with FLAG peptide (Sigma, F4799). The purified sample was then separated by a 10% SDS-polyacrylamide gel, and the protein bands were visualized by Coomassie Brilliant Blue staining to validate purity.
Protein Identification and Characterization by Liquid Chromatography and Tandem Mass Spectrometry (LC MS/MS)-
Protein bands were cut for in-gel trypsin digestion as described previously (57) . The resulting peptides were subjected to LC MS/MS analysis, which was carried out by nanoflow reverse phase HPLC (Eksigent, CA) coupled on-line to a Linear Ion Trap (LTQ)-Orbitrap XL mass spectrometer (Thermo Fisher Scientific) as described (58) . The acquired MS/MS spectra were extracted and submitted to the development version (version 5.10.0) of Protein Prospector (University of California, San Francisco) for database searching. A concatenated database (22, 268 ,936 sequence entries) composed of a normal UniProt database (2010.03.30) and a random form of the normal database was used for database searching. Mouse was selected as the restricted species. Trypsin was set as the enzyme with a maximum of two missed cleavage sites. The mass tolerance for parent ion was set at Ϯ20 ppm, whereas Ϯ0.8 Da tolerance was chosen for the fragment ions. Chemical modifications such as protein N-terminal acetylation, methionine oxidation, N-terminal pyroglutamine, and phosphorylation on serine and threonine were selected as variable modifications. The Search Compare program in Protein Prospector was used for summarization, validation, and comparison of results. The identified phosphorylated peptides have been further validated by manual inspection of their MS/MS spectra.
In Vitro Kinase Assay-In vitro assays for Akt kinase activity were performed in 50 l of kinase buffer (25 mM Tris-HCl, 5 mM ␤-glycerophosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 ) containing 10 mM ATP, 5 g of protein substrates, and 500 ng of activated Akt1 (Millipore, . The reactions were incubated at 30°C for 1 h, separated by 10% SDS-PAGE, and analyzed by immunoblotting using the phospho-Akt substrate antibody.
Pygo2 Ubiquitylation Assay-HEK293T cells were co-transfected with HA-ubiquitin and FLAG-Pygo2 constructs (or empty vector) with or without MG132 as indicated. Twentyfour hours after transfection, cells were incubated with MG132 for another 4 h before harvest. For FLAG-Pygo2 purification, cells were lysed under denaturing conditions (8 M urea, 200 mM NaCl, 100 mM Tris (pH 7.5), 0.2% SDS, 50 mM NaF, 100 M Na 3 VO 4 , 30 mM NaPP i , and protease inhibitors (1 mM PMSF, 1 g/ml aprotenin, 1 g/ml leupeptin, 1 g/ml pepstatin)), and lysates then diluted and incubated with the FLAG M2-agarose beads. Ubiquitylated Pygo2 was detected by Western blotting using the anti-HA antibody.
In Vitro GST Pull-down of Pygo2-interacting Proteins-Nuclear extract was prepared from 60 10-cm dishes of actively growing HEK293 cells as described previously (9) . After the salt concentration was adjusted to 100 mM NaCl, the extract was divided into two equal aliquots and incubated with 10 g of purified GST-Pygo2(6 -115) or GST on beads. Following agitation at 4°C for 2 h, the bound protein complex was extensively washed and eluted with 10 mM glutathione plus 0.1% Nonidet P-40. The samples were separated by SDS-PAGE and visualized by silver staining. Selected bands were excised, trypsinized, and subjected to LC MS/MS as described above.
Co-immunoprecipitation, Western Blotting, and Immunofluorescence-HEK293T cells were plated (5-6 ϫ 10 6 cells/ 10-cm dish), and 20 -24 h later, FLAG-Pygo2 plasmid was cotransfected with either GFP-DDB1, Myc-Cul4A, or pUSE-Akt1(K179M) using the calcium phosphate method (9) . Cells were harvested 20 -24 h posttransfection. The FLAG-Pygo2 protein was affinity-purified as described above, and bound proteins were analyzed by SDS-PAGE and immunoblotting.
For Western blotting, cells were lysed in Laemmli sample buffer (60 mM Tris-HCl, pH 8.0, 2% SDS, 4 mM EDTA, 5% ␤-mercaptoethanol, 10% glycerol), and lysates were analyzed as described (9) . Immunofluorescence was performed as described previously (12) .
Lentivirus-mediated shRNA Knockdown-Recombinant lentiviruses expressing DDB1 shRNAs were generated following the instructions provided by Addgene and as reported previously (9) . DDB1 shRNAs were gifts from the laboratory of Dr. Anand Ganesan (University of California, Irvine). Clone identification numbers for these shRNAs are as follows: TRCN0000082853, TRCN0000082854, TRCN0000082855, TRCN0000082856, and TRCN0000082857.
Results
The Intracellular Protein Level of Pygo2/PYGO2 Is Regulated by Proteasome Activity and Cul4-DDB1 Ubiquitin E3 Ligase-In examining the expression of Pygo2 in mouse mammary tumors, we observed elevated Pygo2 protein levels in MMTV-Wnt1 mammary hyperplastic tissues, whereas alteration at the mRNA level was minimal (20) . We also examined PYGO2 expression in an established human mammary epithelial cell (MEC) line, MCF10A-Er-Src, which carries ER-Src, a derivative of the Src kinase oncoprotein (v-Src) that is fused to the ligandbinding domain of the estrogen receptor (ER) (59) . As expected, based on previous reports (59, 60) , treatment of MCF10A-Er-Src cells with TAM induced transformation within 24 -36 h, which was manifested by their phenotypic alterations and elevated Akt activity, as measured by phospho-Akt level (Fig. 1, A  and B ). Interestingly, PYGO2 protein level was increased 3.5fold upon TAM treatment compared with that in untransformed cells (Fig. 1, B and C) . In contrast, the levels of ␤-catenin protein and PYGO2 mRNA were unaffected ( Fig. 1, B-D) . These findings suggest that Pygo2/PYGO2 expression may be up-regulated at a posttranscriptional level in transformed MECs, and they point to a positive correlation between Akt activity and PYGO2 protein level. We will return to the latter notion later.
To explore how Pygo2 expression is modulated at the protein level, we analyzed the effects of CHX (an inhibitor of de novo protein synthesis) and MG132 (a proteasome inhibitor) on the level of FLAG-tagged Pygo2 protein (FLAG-Pygo2) in HEK293T cells. Blockage of new protein synthesis by CHX led to a gradual decrease in the level of FLAG-Pygo2 (estimated half-life is ϳ4 h), whereas proteasome inhibition resulted in FLAG-Pygo2 accumulation (Fig. 1, E and F) . In addition, cotreatment with CHX and MG132 canceled out their opposite effects, thus maintaining the cellular level of FLAG-Pygo2 (Fig.  1G ). Similar results were obtained for endogenous PYGO2 protein in MCF10A-Er-Src and HEK293T cells ( Fig. 1, H-K) . Interestingly, the half-life of PYGO2 in MCF10A-Er-Src cells was increased from ϳ4 h to ϳ7 h upon TAM-induced transformation, and MG132-induced PYGO2 accumulation was more prominent in transformed cells compared with untransformed controls (Fig. 1, H and I) . Together, these data suggest that intracellular Pygo2/PYGO2 is degraded in a proteasome-dependent manner.
Ubiquitylation earmarks proteins for proteasome-dependent degradation, and ubiquitin ligases catalyze such a tagging reaction (61) . To identify the possible E3 ligase that mediates Pygo2 ubiquitylation, we performed an in vitro GST pull-down experiment coupled with mass spectrometric analysis to identify potential Pygo2-interacting proteins in HEK293T cells. GST-tagged N-terminal homology domain (GST-NHD) was used as a bait, and this analysis identified six unique peptides for DDB1 and two peptides for Vpr (HIV-1)-binding protein (VPRBP) ( Fig. 2A) , both of which are components of the Cul4-DDB1-VPRBP E3 ligase complex (62) . Reciprocal co-immuno-precipitation experiments confirmed the physical association between FLAG-Pygo2 and DDB1 (Fig. 2, B and C) . Interaction was also detected between endogenous Pygo2 and DDB1 proteins in HC11 cells, a mouse MEC line with stem/progenitorlike activities (68, 69) ( Fig. 2D) .
To further validate the interaction between Pygo2 and DDB1, we examined their co-localization with indirect immunofluorescence using HC11 cells stably expressing FLAG-Pygo2. Both FLAG-Pygo2 and DDB1 proteins showed diffuse nuclear staining excluding the DAPI-dense, heterochromatic territories, with staining signals significantly reduced when cells were pretreated with 0.5% Triton X-100 ( Fig. 3A) . Triton pre-extraction is expected to remove cell and nuclear membranes as well as most of the cytoplasm, leaving cytoskeleton and chromatin behind (63, 64) . Interestingly, the addition of MG132 did not affect the Triton-soluble Pygo2 signals but elicited very prominent Triton-insoluble Pygo2 signals in discrete subnuclear clusters. DDB1 was also concentrated in such clusters in MG132/Triton-treated cells. Similarly, endogenous Pygo2 co-localizes with DDB1 either diffusely in the nuclei without treatment or in subnuclear clusters upon Triton extraction and proteasome inhibition (Fig. 3B) .
To determine whether Pygo2 also associates with Cul4, we co-expressed FLAG-Pygo2 with Myc-Cul4A in HEK293T cells. Myc-Cul4A was found to co-purify with FLAG-Pygo2, and this interaction was weakened when DDB1 was depleted from the cells using a DDB1-specific shRNA (Fig. 4A) . Therefore, Pygo2 interacts with Cul4 in a manner that requires DDB1, well known for its function as an adapter in Cul4-DDB1 E3 ligase complexes (65) (66) (67) .
We next evaluated the impact of varying DDB1 and Cul4 levels on Pygo2 protein expression. Depletion of DDB1 using three different shRNAs resulted in increased levels of FLAG-Pygo2 in HEK293T cells, and the extent of this effect seemed to correlate with the degree of DDB1 knockdown (Fig. 4B) . Two Cul4 paralogs, Cul4A and Cul4B, exist in mammals; they share 82% sequence identity, both interact with DDB1, and they have been shown to play redundant roles in some contexts (55, 56, 70, 71) . Overexpression of Cul4A led to reduced FLAG-Pygo2 protein level in a dosage-dependent manner (Fig. 4C) . Conversely, loss of Cul4A (compare Cul4a Ϫ/Ϫ with Cul4a f/f ) led to a minimal (1.2-fold), whereas loss of Cul4B (compare Cul4b Ϫ/Y with Cul4b f/Y ) led to a significant, increase in the level of endogenous Pygo2 in mouse embryonic fibroblast cells (Fig. 4D) . Moreover, siRNA depletion of Cul4B, but not Cul4A, in BT474 breast cancer cells led to a moderate accumulation of endogenous PYGO2 (Fig. 4E ) and significantly extended PYGO2 halflife (Fig. 4, F and G) . Taken together, our data suggest Cul4B-DDB1 as the predominant E3 ligase that directly or indirectly mediates Pygo2/PYGO2 degradation.
Pygo2 Is Phosphorylated at Multiple Residues, with Serine 48 Being Critical for Its Stability-Protein phosphorylation is often found to trigger ubiquitylation/proteasome-dependent degradation (72) (73) (74) . Pygo2 has been identified as a phosphoprotein through a systematic phosphoproteome screen (75) . On Western blots of tissue and cell lysates, Pygo2 often displayed as slowly migrating bands (13) (Fig. 5A ), leading us to wonder whether such bands represent phosphorylated forms of Pygo2. To test this notion, we treated FLAG-Pygo2 protein purified from HC11 cells with -phosphatase, prior to SDS-PAGE and Western blot analyses. As a result of this treatment, the multiple Pygo2 bands collapsed to a single, faster migrating species, but the addition of phosphatase inhibitors restored the slowly migrating bands (Fig. 5A ). These results demonstrate that Pygo2 is phosphorylated in MECs.
To identify the phosphorylation site(s) on Pygo2, we performed LC MS/MS analysis on purified FLAG-Pygo2. Pygo2 was unambiguously identified with 46 unique peptides, resulting in 54% sequence coverage. Eight phosphorylated residues were found, five of which (Ser-40, Ser-48, Thr-50, Thr-59, and Ser-97) reside in the conserved NHD domain (Fig. 5B ). In contrast, no phosphorylated residues were detected within the conserved plant homology domain (PHD) at the C terminus of Pygo2.
To assess whether phosphorylation affects Pygo2 protein stability, we performed site-directed mutagenesis to mutate the above Ser/Thr residues, singly or in combination, to alanine or glutamate. We first checked protein expression following transfection of the mutant constructs into HEK293T cells. Notably, simultaneous mutation of Ser-40, Ser-48, and Thr-50 residues to Glu (termed the triple E mutant) led to a slight but statistically significant increase in Pygo2 protein level compared with the wild type and other mutants (Fig. 5, C and D) . Additionally, compared with wild-type Pygo2, the interaction between its triple E mutant and DDB1 was weakened (Fig. 5E ). The S40E single mutant showed slightly decreased protein expression level compared with the wild type; however, this difference is not statistically significant (Fig. 5D ). Moreover, S40A, T50A, and T50E did not show a consistent effect on Pygo2 protein level ( Fig. 5, C, D, F, and G) . In contrast, S48E resembled the triple E mutation in giving rise to higher, whereas S48A resulted in lower, Pygo2 protein level (Fig. 5, F and G) .
An analysis of Pygo2 protein half-life revealed that both the triple E and S48E mutants displayed significantly enhanced stability (estimated half-lives: 6.2 and 6.1 h, respectively; p ϭ 0.03 and 0.02, respectively, compared with wild type), whereas the S48A mutant displayed decreased stability (estimated half-life: ϳ2.5 h; p ϭ 0.02, compared with wild type) ( Fig. 5, H-J) . In contrast, the other mutations did not show any significant effect on Pygo2 half-life.
A previous study has reported that the N-terminal nuclear localization sequence (NLS) and the C-terminal PHD domain of Pygopus function redundantly to mediate its nuclear localization (76) . Given that Ser-48 is within the NLS, we also tested whether its phosphorylation affects Pygo2 nuclear localization. First, we transfected several deletion constructs of Pygo2 (Fig.  6A ) into cells and performed indirect immunofluorescence to determine the resulting protein's subcellular localization. Deletion of the C-terminal domain including PHD (⌬PHD) did not affect nuclear localization, whereas deletion of the N-terminal domain, including NHD (115-C), resulted in cytoplasmic localization of the protein (Fig. 6B) . Conversely, the N-terminal domain alone (amino acids 1-115) was sufficient to confer nuclear localization. Thus, in our hands, it appears that only the N-terminal domain of Pygo2 contains essential nuclear localization determinants. Indeed, deletion of the NLS (⌬NLS) resulted in loss of nuclear localization. However, neither the triple A/E nor the S48A/E mutations affected Pygo2 nuclear localization ( Fig. 6C ), suggesting that Ser-48 phosphorylation does not interfere with the functionality of the Pygo2 NLS.
Akt Phosphorylates Pygo2 at Ser-48, and This Phosphorylation Inhibits Pygo2 Ubiquitylation-Sequence analysis revealed that both Ser-48 and Thr-50 residues are part of a highly conserved consensus substrate motif (RXRXX(S/T)) for Akt phosphorylation ( Fig. 5B ). Because Akt phosphorylates several key players in Wnt signaling, such as GSK3 and ␤-catenin, we sought to determine whether Akt can phosphorylate Pygo2 as well. An antibody that specifically recognizes the Akt consensus HEK293T cells were transfected with the indicated constructs with or without DDB1 shRNA, and immunoprecipitation was performed using anti-Myc antibody. B, effect of DDB1 knockdown on Pygo2 level. HEK293T cells that stably express FLAG-Pygo2 were transfected with the indicated shRNAs, and whole cell lysates were used for immunoblotting with the indicated antibodies. C, Cul4A overexpression decreases Pygo2 level. HEK293T cells were transfected with increasing amounts of a Myc-tagged Cul4A-expressing construct, and protein expression was examined 24 h later, as indicated. D, Pygo2 expression in Cul4A Ϫ/Ϫ or Cul4B Ϫ/Y mouse embryonic fibroblasts. Note that the Cul4B gene resides in the X chromosome. The upper bands of the doublets (indicated by brackets) represent neddylated forms. o in the Cul4B panels, nonspecific species. E, effects of Cul4A and Cul4B knockdown on PYGO2 level in BT474 cells. Cells were transfected with the indicated shRNAs, and whole cell lysates were used for immunoblotting with the indicated antibodies. F and G, stabilization of PYGO2 in BT474 cells upon silencing of Cul4B but not Cul4A. The half-lives of PYGO2 were determined in control or BT474 cell lines with stable Cul4A or Cul4B knockdown. Cells were treated with 100 M CHX for the indicated time period. PYGO2 levels were determined by Western blotting (F), quantified by an Odyssey Infrared imaging system, and normalized to ␣-tubulin levels (G) at the indicated time points. phosphorylation motif reacted with FLAG-Pygo2 purified from HC11 (Fig. 7A) or HEK293T (Fig. 7B) cells. The level of phosphorylated Pygo2 decreased after -phosphatase treatment, and this decrease was abolished when phosphatase inhibitors were present (Fig. 7C) . The Akt phosphosubstrate antibody also reacted with a truncated Pygo2 protein containing only the N-terminal domain (amino acids 6 -115) (Fig. 7D) , indicating that Akt phosphorylation probably occurs within this region.
To determine whether Pygo2 is a direct substrate of Akt, we first examined whether they interact with each other. Indeed, FLAG-Pygo2 co-immunoprecipitated with a kinase-dead form of Akt1 protein where the active site lysine 179 (Lys-179) was mutated to methionine (Fig. 7E) , indicating a physical association between Pygo2 and Akt1 that does not require the enzymatic activity of Akt. Next, we performed in vitro kinase assay, where a bacterially expressed GST-Pygo2(6 -115) fusion protein was purified and incubated with recombinant, active Akt1. FLAG-Pygo2 was purified by immunoprecipitation (IP) from HC11 cells that stably express it and then incubated with -phosphatase (PPase) or its inhibitors, as indicated. The bracket on the right marks the slowly migrating forms of Pygo2. B, top, schematic diagram of the domain structure of, and phosphorylated residues in, Pygo2. Bottom, the putative Akt phosphorylation consensus sequence in Pygo2 encompasses both Ser-48 and Thr-50 and is evolutionarily conserved. C and F, HEK293T cells were transfected with pEGFP-C1 and FLAG-Pygo2 or its mutant derivatives, and whole cell lysates were collected 24 h later for Western blot analysis. E, decreased interaction between Pygo2 triple E mutant and DDB1. HEK293T cells were transfected with the indicated constructs, immunoprecipitated using anti-DDB1 antibody, followed by immunoblotting with FLAG or DDB1 antibodies. Note that the Pygo2 triple A mutant displayed wild-type-level association with DDB1. D and G, quantitative analysis of three independent experiments as shown in C and F, respectively. The y axis indicates relative protein expression level after normalization by GFP, with the value for wild-type FLAG-Pygo2 expression being set as 1. Shown are mean Ϯ S.E. (error bars). *, p Ͻ 0.01, Student's t test. H-J, CHX chase assays to measure the half-lives (J) of FLAG-Pygo2 and its mutant derivatives. HEK293T cells were transfected with pEGFP-C1 and FLAG-Pygo2 or the indicated mutants. Twenty-four hours after transfection, cells were treated with CHX, and samples were collected at the indicated time points for immunoblotting analysis. The level of remaining Pygo2 (normalized against GFP) at different time points was quantified as the percentage of the initial Pygo2 level (at time 0). Shown are mean Ϯ S.E. from three independent experiments. *, p Ͻ 0.01, Student's t test.
Akt1 efficiently phosphorylated GST-Pygo2(6 -115) and known substrate GSK3␤ but not the GST control (Fig. 7F ). Further, FLAG-Pygo2(6 -115) purified from serum-starved HEK293T cells was also phosphorylated by Akt1 in vitro (Fig. 7G) .
We next sought to examine whether both Ser-48 and Thr-50 of Pygo2 are phosphorylated by Akt. To do this, we transfected into HEK293T cells constructs expressing FLAG-tagged, fulllength Pygo2 or its Ser-48 and Thr-50 mutant derivatives. The FLAG-tagged proteins were purified and subjected to Western blot analysis using the Akt phosphosubstrate antibody. Mutating Ser-48 to either Ala or Glu, alone or in combination with mutating Thr-50 to Ala or Glu, abolished Akt phosphorylation of Pygo2, whereas Thr-50 mutation alone had no detectable effect (Fig. 7H) . Taken together, these data demonstrate that Ser-48 is the predominant Akt phosphorylation site on Pygo2.
To understand how Ser-48 phosphorylation affects Pygo2 stability, we examined the impact of Ser-48 mutations on Pygo2 ubiquitylation. Specifically, we co-expressed FLAG-Pygo2 or its Ser-48 mutant derivatives with HA-tagged ubiquitin in HEK293T cells. The FLAG-Pygo2 proteins were purified under denaturing conditions for Western blot analysis using an anti-HA antibody. High molecular weight, ubiquitylated forms of FLAG-Pygo2 were detected when transfected cells were treated with MG132 ( Fig. 8A) . Compared with wild-type Pygo2, its S48A mutant showed slightly increased, whereas its S48E mutant showed dramatically decreased, ubiquitylation (Fig. 8B) . Thus, a phosphomimetic substitution of Ser-48 inhibits Pygo2 ubiquitylation.
Akt and Its Upstream Growth Factors Act in Parallel with Wnt to Stabilize Pygo2-It has been shown that Wnt3A inhibits Pygopus degradation, and a Wnt signaling inhibitor that promotes CK1␣ activity counters this effect (77) . We therefore wondered whether Wnt stabilizes Pygo2 in a manner that requires Akt phosphorylation. The addition of Wnt3A conditioned medium to HC11 cells stably expressing FLAG-Pygo2 resulted in an increase in the levels of not only ␤-catenin but also FLAG-Pygo2 (Fig. 9A) , whereas the level of Pygo2 mRNA was not altered (Fig. 9B) . A protein stability assay using CHX treatment confirmed that Wnt3A increased the half-life of FLAG-Pygo2 (Fig. 9C ). Inhibition of Akt activation by TCN exerted a significant negative effect on Pygo2 protein stability regardless of whether Wnt3A was present or not (Fig. 9C ). As expected (78, 79) , Akt itself was not activated when HC11 cells were treated with GSK3␤ inhibitors LiCl and 6-bromoindirubin-3Ј-oxime (Bio) (Fig. 9D) . Although the addition of serumcontaining medium led to increased Ser-473 phosphorylation of Akt, the extent of increase was similar with the Wnt3A conditioned medium (Fig. 9D) . Together, these data suggest that the stabilizing effects of Wnt3A and Akt activation on Pygo2 A and B , FLAG-Pygo2 is a phospho-Akt substrate. HC11 cells that stably express FLAG-Pygo2 (A) or HEK293T cells transiently transfected with the FLAG-Pygo2 construct (B) were immunoprecipitated (IP) by FLAG M2 beads, followed by immunoblotting with anti-phospho-Akt substrate antibody. C, -protein phosphatase (-PPase) treatment decreases the level of Akt-phosphorylated FLAG-Pygo2. Immunoprecipitated FLAG-Pygo2 from HC11 cells was treated with -protein phosphatase in the presence or absence of inhibitors and visualized by immunoblotting with anti-phospho-Akt substrate antibody. The blot was reprobed for Pygo2 to ensure an equal level of total Pygo2. D, the phospho-Akt substrate antibody recognizes the N-terminal domain of Pygo2. HEK293T cells were transfected with the FLAG-Pygo2(6 -115) construct. Twenty-four hours later, whole cell lysates (WCL) were immunoprecipitated using FLAG M2 beads, followed by immunoblotting with the anti-phospho-Akt substrate antibody. E, Pygo2 interacts with Akt1(K179M) in HEK293T cells. F and G, Akt phosphorylates the N-terminal domain of Pygo2 in vitro (F) and in HEK293T cells (G). F, bacterially purified GST-Pygo2(6 -115) was incubated with Akt1 as described under "Experimental Procedures" and probed with anti-phospho-Akt substrate antibody (top). The blot was reprobed for Pygo2 (note that the antibody was generated against a GST-Pygo2 fusion protein). G, HEK293T cells were transfected with the indicated plasmids in serum-free media for 24 h, followed by immunoprecipitation using FLAG M2 beads and an Akt kinase assay. Samples were immunoblotted with anti-phospho-Akt substrate (top) or anti-Pygo2 (bottom) antibody. H, mutation of Ser-48 but not Thr-50 abolishes Akt phosphorylation. HEK293T cells were transfected with the indicated constructs, and immunoprecipitation was performed 24 h later using FLAG M2 beads. Shown are results of immunoblotting of the immunoprecipitates (IP; top) or whole cell lysates (WCL; bottom) using the indicated antibodies.
are additive and that they act in a parallel rather than linear fashion.
We next tested whether the classical Akt-activating growth factors stabilize Pygo2. As expected (80) , treatment of HC11 cells with insulin or EGF led to increased levels of the activated form of Akt (3.8-fold for EGF, 5.4-fold for 50 nM insulin, and 6.7-fold for 100 nM insulin, using total Akt as control) (Fig. 9E) . Coinciding with Akt activation, the FLAG-Pygo2 protein level was elevated (Fig. 9E ). The addition of TCN or wortmannin, a selective inhibitor of PI3K (81), abrogated the growth factor-induced Akt activation and Akt phosphorylation of Pygo2 (Fig. 9, E and F) . These findings suggest that Akt acts downstream of insulin and EGF to phosphorylate and stabilize Pygo2.
Discussion
In this work, we provide convincing evidence that chromatin regulator Pygo2 is degraded through the ubiquitin/proteasome pathway and is posttranslationally stabilized through phosphorylation by activated PI3K/Akt signaling. In addition, our find- FIGURE 8 . Pygo2 is ubiquitylated and the extent of its ubiquitylation is decreased by the S48E mutation. FLAG-Pygo2 (A) or its Ser-48 mutant derivatives (B) was co-transfected with HA-ubiquitin, and cells were treated 24 h later with MG132, followed by immunoprecipitation using FLAG M2 beads. FLAG vector was used as a negative control. See also the legend to Fig. 7 , G and H. IP, immunoprecipitation; IB, immunoblot; WCL, whole cell lysate.
FIGURE 9. Effects of growth factors on Pygo2 level and Akt phosphorylation.
A and B, the addition of Wnt3A conditioned medium increases Pygo2 protein but not mRNA level. HC11 cells that stably express FLAG-Pygo2 were treated with control medium generated from L cells (0), supplemented with the indicated amounts of Wnt3A conditioned medium for 12 h, at which time cells were harvested for whole cell lysates for immunoblotting (A) or mRNAs for RT-PCR (B). C, effects of Wnt3A and Akt inhibition on the half-life of Pygo2. HC11 cells were switched to fresh L cell-derived medium (Ϫ), 50% Wnt3A conditioned medium (Wnt3A), 50% Wnt3A conditioned medium containing 2 M TCN (Wnt3A ϩ TCN), or L cell-derived medium containing 2 M TCN (TCN) and treated with CHX 30 min later. Whole cell lysates were collected for immunoblotting at the indicated time points following CHX addition. The Pygo2 expression levels were normalized to ␤-actin, and values at time 0 for each treatment were set as 100%. The levels of Pygo2 at 2 and 4 h posttreatment were shown as a percentage of the initial levels for that particular treatment. Error bars, S.E. D, Wnt signaling does not activate Akt. HC11 cells were treated with GSK3␤ inhibitor LiCl or Bio or with Wnt3A conditioned medium, and whole cell lysates were collected for immunoblotting using Akt or phospho-Akt (Ser-473) antibodies. E, Pygo2 up-regulation and Akt activation upon insulin or EGF treatment. Serum-starved HC11 cells were stimulated with insulin or EGF for 15 min with or without TCN, and whole cell lysates were harvested for immunoblotting using the indicated antibodies. F, increased phospho-Pygo2 upon insulin treatment. HC11 cells were serum-starved for 16 h and stimulated with 50 nM insulin for 15 min in the absence or presence of 0.2 M wortmannin (or DMSO as a control). Cell extracts were immunoprecipitated (IP) using FLAG M2 beads followed by immunoblotting. Bio, 6-bromoindirubin-3Ј-oxime. WCL, whole cell lysate.
ings highlight Pygo2 as a common node downstream of oncogenic Wnt and Akt signaling pathways.
Posttranslational modifications are known to play a vital role in regulating protein stability (82, 83) . Phosphorylation has been recognized as a prominent mechanism for modulating protein stability via enhancing substrate ubiquitylation and proteasome-dependent degradation. This process is often mediated through phosphorylation-dependent interactions between substrates and their E3 ubiquitin ligases (61, 84, 85) . Here, we put forward a rare case where phosphorylation leads to reduced ubiquitylation and elevated protein stability. The reduced interaction between Pygo2 triple E mutant and DDB1 suggests a model in which Ser-48 phosphorylation compromises Pygo2 ubiquitylation by weakening its interaction with the E3 ubiquitin ligase complex. Ser-48 phosphorylation may also act via additional mechanisms, including those independent of protein-protein interactions (61, 85) . Pygo2 is a medium sized protein (ϳ41 kDa) with only 13 lysine residues, 7 of which are located at the N terminus between positions 10 and 47, in close proximity to Ser-48. Therefore, it is also possible that Ser-48 phosphorylation introduces steric hindrance to prevent nearby lysine ubiquitylation, thus inhibiting Pygo2 degradation.
Our findings imply, although they do not directly prove, that the Cul4-DDB1 E3 ligase complex ubiquitylates Pygo2. Substrate recognition by the Cullin-RING E3 ligases often requires posttranslational modifications of the substrate (e.g. phosphorylation for Cul1 or hydroxylation for Cul2). However, these requirements are dependent on substrate receptors within specific Cullin-RING ligase complexes. Although the necessity of posttranslational modifications have not been well documented for Cul4-DDB1 substrates, methylation of orphan nuclear receptor ROR␣ by enhancer of zeste homolog 2 (EZH2) methyltransferase has been shown to facilitate its recognition by VPRBP (or DCAF1) of the Cul4-DDB1-DCAF1 ubiquitin ligase for subsequent ubiquitylation and degradation (86) . Therefore, Ser-48 phosphorylation may potentially interfere with methylation-mediated ubiquitylation. As such, our work suggests inhibitory phosphorylation of Pygo2 by Akt as a novel mechanism for regulation of substrate recognition by the Cul4-DDB1 ubiquitin ligases, an intriguing possibility worthy of future investigation.
Although both Cul4A and Cul4B may possess the biochemical capacity to ubiquitylate Pygo2 (indeed, Cul4A associates with Pygo2, and its overexpression decreases Pygo2 protein level), Cul4B probably takes the lion's share of this task under physiological conditions. This echoes previous work showing that depletion of Cul4B leads to elevated ␤-catenin level to an extent that is greater than depletion of Cul4A (87) . We also note the reported finding that depletion of Cul4B but not Cul4A stabilizes, whereas overexpression of both enhances the ubiquitylation of, WDR5 (71), a core component of the histone H3 lysine 4 methyltransferase complex with which Pygo2 associates (9, 12) . Multiple possibilities may account for the differential requirement under non-overexpressing, physiological conditions. The two Cul4 proteins may localize to different subcellular locations, thus having differential access to the substrates. Indeed, it has been reported that Cul4B is predomi-nantly nuclear, whereas Cul4A is predominantly cytoplasmic (88) . It is also possible that Pygo2 associates preferentially with the Cul4B complex due to higher concentration of the endogenous Cul4B protein and/or the existence of auxiliary factors. Future studies are needed to explore these possibilities.
By virtue of its ability to ubiquitylate a number of substrates with chromatin regulatory functions as well as histones, the Cul4-DDB1 complex has been long known to regulate DNA metabolism and chromatin structure (89) . Of interest, Cul4-DDB1-mediated ubiquitylation is often initiated by chromatinbased signals and occurs on the chromatin. In light of this general theme, our finding of accumulation of Triton-insoluble forms of Pygo2 in discrete subnuclear domains upon proteasome inhibition is particularly intriguing. It is tempting to speculate that compared with "free" Pygo2, chromatin-bound Pygo2 proteins are preferred substrates of the Cul4-DDB1 complex. If so, then what is the functional significance of selectively turning over chromatin-bound Pygo2 in terms of Wnt signaling output and Wnt-regulated cellular events? What mechanisms distinguish "free" from chromatin-bound Pygo2? What is the physical and functional relationship between Cul4-DDB1-mediated ubiquitylation of Pygo2, ␤-catenin, and WDR5? Our findings here pave the way to address these important questions in the future.
Our work identifies Pygo2 as a direct target of Akt and Ser-48 as the predominant target site of Akt phosphorylation. Previously, Pygo2 has been implicated as a direct target of CK1 (77) . We found that the Thr-59 residue of Pygo2, part of a CK1␣ consensus motif (90) , is indeed phosphorylated. However, mutation of this residue fails to produce significant changes in Pygo2 protein level or stability, leaving open the possibility that CK1␣ stabilization of Pygo2 occurs via alternative phosphorylation sites.
This newly identified Akt regulation of Pygo2 adds yet another layer to the cross-talks between two of the most affected signaling pathways in cancer. The multitiered crosstalks between Wnt/␤-catenin/Pygo2 signaling and PI3K/Akt signaling present an exquisite example of collaboration and synergy between distinct growth factor signals and are consistent with both pathways not only stimulating tumorigenesis but also promoting the self-renewal of embryonic and tissue stem cells (9, 19, (91) (92) (93) (94) . The notion that active Akt increases free and nuclear ␤-catenin levels, either indirectly via inhibitory phosphorylation of GSK3␤ or directly via stabilizing phosphorylation of ␤-catenin, has been proposed or accepted by many groups (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . However, it has also been argued that inside the cells, GSK3 kinases exist in different pools; thus, their actions in PI3K/Akt and Wnt/␤-catenin pathways are spatially separate (95, 96) . We observed a tight correlation between Akt activation and Pygo2 level but not ␤-catenin level in transformed MECs. It is possible that Akt acts on the different Wnt signaling components in a cell type-specific manner. Alternatively, Akt may regulate Pygo2 and GSK3␤/␤-catenin in a spatially and/or temporally sensitive fashion. Does Wnt signaling in turn regulate classical PI3K/Akt pathway components? Although some studies show this to be the case (32, 35) , another study questions the notion that Wnt3A-induced ␤-catenin stabilization requires activation of Akt signaling (97) . Consistently with the latter, we did not observe increased phosphorylation of Akt protein upon activating Wnt signaling. More importantly, our discovery of the control of Pygo2 protein stability by Akt phosphorylation, in addition to Akt phosphorylation of the more upstream components in Wnt signaling, implicates the critical importance of intricately regulating the molecular events that occur at the chromatin level.
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